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Two multisubunit enzymes of the inner mitochondrial membrane, cytochrome oxidase and the H+-ATPase 
may be transferred into highly apolar solvents as protein-lipid complexes. At 70” C and an initial water con- 
centration of 13 ~1 per ml organic solvent (toluene), the half-life of the ATPase was approx. 11 h, whereas 
that of cytochrome oxidase was about 100 s. Thermostability of cytochrome oxidase could be increased 
more that lOO-times by decreasing the water concentration to 3 ,ul per ml toluene. At this latter concentra- 
tion of water the half-life of the ATPase at 90,80 and 70” C was $48 and 96 h, respectively. 
A TPase Cytochrome oxidase Enzyme stability Organic solvent Thermostability Water content 
1. INTRODUCTION 2. MATERIALS AND METHODS 
Enzymes lose their catalytic activity as the 
temperature is raised. A fundamental step in ther- 
moinactivation is the unfolding of the protein 
which results from a decrease of the different 
covalent forces that maintain the native, 
catalytically active structure [1,2]. Also, it is ac- 
cepted that water is involved in the maintenance of 
noncovalent interactions in the enzyme [3-51. 
Thus, it appeared of interest to study the ther- 
mostability of enzymes that possess highly com- 
plex subunit structures under conditions where 
water is largely substituted by apolar solvents. 
These studies became possible due to the develop- 
ment of a methodology that allowed the transfer of 
enzymes into apolar solvents as protein-lipid com- 
plexes [6,7]. Previously, Zaks and Klibanov [5] 
reported that pancreatic lipase suspended in 
organic solvents withstands 100°C for many 
hours. Our studies show that mitochondrial 
H+-ATPase [8] and cytochrome oxidase [9], when 
transferred to toluene, increase their thermal 
stability by orders of magnitude. Their ther- 
mostability is largely affected by the content of 
water in the solvent. 
The transfer of enzymes from submitochondrial 
particles from bovine heart into toluene was made 
essentially as in [7], except that the procedure was 
carried out at room temperature. The turbid 
organic phase obtained was withdrawn without 
touching the interphase, placed in 1.7 x 15 cm 
tubes, and incubated at various temperatures. 
Liposomes were formed from these extracts at 
room temperature as described [7]. The ATPase 
and cytochrome oxidase activities were measured 
in the liposomes [10,l l] and were considered an in- 
dex of the degree of inactivation of the enzymes in 
the organic phase. 
3. RESULTS AND DISCUSSION 
Approx. 50% of the protein of submitochon- 
drial particles was extracted into toluene. The ac- 
tivities of the ATPase and cytochrome oxidase in 
the liposomes were approx. 0.3 pmol - min-’ . mg-’ 
and 2pgatom.min-‘erng-‘, respectively. The 
respective specific activities of the ATPase and 
cytochrome oxidase in the liposomes were 50% 
lower and 15% higher than in the particles. The 
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reasons for the difference in the specific activities 
between liposomes and particles have been dis- 
cussed [7]. 
Water is known to be involved in the thermal in- 
activation of enzymes [3-51. Using 3Hz0, the 
Toluene extracts incubated at 70, 80 and 90°C 
for prolonged times yielded liposomes that 
amount of water in the extracts was estimated (see 
possessed ATPase activity (fig.1). The half-life of 
the enzyme at these temperatures was about 11 h, 
legend to table 1). This was 13 f 3 ,ul 3Hz0 per ml 
4 h and 20 min, respectively. The incubation of 
toluene extract. It was assumed that in the prepara- 
submitochondrial particles in 0.25 M sucrose at 
the above temperatures totally inactivated the 
ATPase in 2 min, 1 min and 20 s. In contrast to 
tion of the toluene extracts, 3Hz0 distributes 
the marked thermostability of the ATPase in 
toluene, cytochrome oxidase was rapidly inac- 
tivated, i.e. total loss of activity was observed at 
70°C in less than 2 min. 
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Fig. 1. Thermostability of enzyme-lipid complexes in 
toluene. Toluene extracts were placed in open 1.7 x 
15 cm tubes and incubated at the temperatures shown. 
At various times, the tubes were placed in an ice bath, 
liposomes were formed and their ATPase activity 
measured. Cytochrome oxidase activity of liposomes 
formed from toluene extracts incubated for 2 min at 
70°C was also measured (M). The activities of 
cytochrome oxidase and ATPase of liposomes formed 
without incubation at high temperatures were considered 
to be 100%; these activities were 1.9 pgatom 
O.min-‘.mg-’ at 30°C and 0.38~mol~min~‘~mg-’ at 
37°C respectively. 
uniformly in all water spaces, and that the 
measured radioactivity corresponded to water. 
At low temperatures, the amount of water in the 
After initiation of incubation at 70°C in 1.7 x 
toluene extracts could also be decreased by partial 
15 cm tubes, the amount of ‘Hz0 in the extract 
rapidly diminished to 2-3 ~1 per ml in a period of 
evaporation of the organic phase under an NZ cur- 
10 min; this value did not change significantly 
after 1.5 h (fig.2). The rapid initial elimination of 
water from toluene extracts proved fundamental 
rent (table 1). This partial elimination of water 
for attaining thermostability of enzymes. In fact, it 
was observed that if the incubation at high 
caused the turbid extracts to become transparent, 
temperatures was carried out in 1.3 x 12.5 instead 
of 1.7 x 15 cm tubes, the ATPase was rapidly inac- 
and provoked a large increase in thermostability of 
tivated (fig.2); apparently this correlated with a 
slower evaporation of water from the organic 
phase (fig.2). 
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Fig.2. Water concentration in organic extracts and 
ATPase inactivation. Toluene extracts were prepared as 
described, except that the sucrose and CaClz solutions 
were made in 3Hz0 with the same specific activity (1.9 x 
10’ cpm/ml). The radioactivity of the toluene extract 
was assayed to estimate 3Hz0 per ml organic phase. 
Thereafter, 0.8 ml extract was placed in 1.7 x 15 cm 
(M) and 1.3 x 12.5 (M ) tubes and incubated at 
70°C. As indicated aliquots were withdrawn to measure 
radioactivity. After incubation of the extract at 70°C for 
3 min in the small tubes (=) and 160 min in the large 
tubes (0) liposomes were formed from aliquots of the 
extract to assay ATPase activity. The results are in % 
activity remaining; 100% activity was 0.42 rmol . 
min-’ . rng-’ which corresponds to liposomes of toluene 
extracts that had not been incubated at 70°C. 
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Table 1 
Effect of water concentration in toluene extracts on 









13 70 <3 min II h 
3 70 4h 96 h 
3 80 SO min 48 h 
3 90 7.5 mm 5h 
The water content of totuene extracts (X3 yf) was 
measured as in fig,2 The starting water content of the 
extracts was diminished to 3 ~1 evaporating them under 
an Nz current to about half of their original volume 
which was restored with toluene. The two extracts were 
incubated at the temperatures hown. Aliquots were 
withdrawn at various times to assay ATPasc and 
cytochrome oxidase activity. During incubation toluene 
was added to compensate vaporation 
both cytochrome oxidase and ATPase (table 1). 
This decrease in water content caused about a 
loo-times increase in the half-life of cytochrome 
oxidase (see data at 7O”C, table 1). 
These results suggest that in organic solvents, all 
enzymes acquire tb~rmostabil~ty provided that 
bufk water is ssfiminated. Nevertheless, even at in- 
itial Iow water ~~~~~~trat~~~~ in the extracts, the 
ATPase was more stable than cytochrome oxidase; 
after 2, 8 and 60 h at 90, 80 and 70°C respectively, 
100% ATPase activity remained, whereas in these 
conditions cytochrome oxidase was inactivated 
(not shown). 
We believe that water that is removed from the 
system as in the experiment of table I is directly in- 
volved in the rapid formation of incorrect struc- 
tures, and thus in enzyme inactivation. In addition 
there also seems to exist a definite amount of water 
that is not as readily removed; at least part of this 
water could correspond to protein-bound water 
that may prove essential for maintenance of the 
native protein structure fi5]. fn agreement with 
Zaks and Khbanov Es], it was found that enzymes 
in organic solvents are veq stable at high 
temperatures. However, the system described here 
differs from that of those authors in that the en- 
zymes in the solvent exist as protein-lipid com- 
plexes and do not sediment at low centrifugal 
forces (see methodology). Although we have not 
explored whether, under our conditions, the en- 
zymes possess catalytic activity in the solvent, as 
do other enzymes ]5,12,14], it is remarkable that 
the bj~h~y complex rn~~t~~sub~njt ATPase and 
~~o~hrorne oxidase [8,9] acquire high ther- 
mostabihty when transferred to tofuene. 
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